Locus coeruleus phasic discharge is essential for stimulus-induced gamma oscillations in the prefrontal cortex. J Neurophysiol 119: 904 -920, 2018. First published November 1, 2017; doi:10.1152/ jn.00552.2017.-The locus coeruleus (LC) noradrenergic (NE) neuromodulatory system is critically involved in regulation of neural excitability via its diffuse ascending projections. Tonic NE release in the forebrain is essential for maintenance of vigilant states and increases the signal-to-noise ratio of cortical sensory responses. The impact of phasic NE release on cortical activity and sensory processing is less explored. We previously reported that LC microstimulation caused a transient desynchronization of population activity in the medial prefrontal cortex (mPFC), similar to noxious somatosensory stimuli. The LC receives nociceptive information from the medulla and therefore may mediate sensory signaling to its forebrain targets. Here we performed extracellular recordings in LC and mPFC while presenting noxious stimuli in urethane-anesthetized rats. A brief train of foot shocks produced a robust phasic response in the LC and a transient change in the mPFC power spectrum, with the strongest modulation in the gamma (30 -90 Hz) range. The LC phasic response preceded prefrontal gamma power increase, and cortical modulation was proportional to the LC excitation. We also quantitatively characterized distinct cortical states and showed that sensory responses in both LC and mPFC depend on the ongoing cortical state. Finally, cessation of the LC firing by bilateral local iontophoretic injection of clonidine, an ␣ 2 -adrenoreceptor agonist, completely eliminated sensory responses in the mPFC without shifting cortex to a less excitable state. Together, our results suggest that the LC phasic response induces gamma power increase in the PFC and is essential for mediating sensory information along an ascending noxious pathway.
INTRODUCTION
The brain stem nucleus locus coeruleus (LC) is the largest cluster of noradrenergic (NE) neurons in the mammalian brain and the major source of NE to the cortex (Jones and Yang 1985; Swanson and Hartman 1975) . The NE neurons exhibit tonic and phasic discharge patterns that are associated with different behavioral states (Berridge and Waterhouse 2003) . Tonic LC discharge is characterized by stochastic firing at relatively slow rates (0.1-5.0 Hz), and it is essential for maintenance of wakefulness and vigilance (Aston- Jones et al. 1991; Gompf et al. 2010) . Optogenetic or pharmacological activation of LC induces awakening from natural sleep or anesthesia (Carter et al. 2010; Vazey and Aston-Jones 2014) and desynchronizes forebrain electroencephalographic (EEG) activity (Berridge and Foote 1991; Curtis et al. 1997) . Conversely, LC inhibition promotes sedation (Zhang et al. 2015) , blocks the awakening effect of orexin neurons (Carter et al. 2012) , and increases synchrony in cortical population activity (Berridge et al. 1993) .
The LC phasic firing mode is characterized by simultaneous discharge of many LC units followed by firing suppression, which is proportional to the LC excitation; it also produces a higher amount of NE release (Berridge and Abercrombie 1999; Dugast et al. 2002; Florin-Lechner et al. 1996) . The LC phasic response is typically driven by salient stimuli or may be internally generated through top-down mechanisms (Aston- Jones and Bloom 1981b; Bouret and Sara 2004; Cedarbaum and Aghajanian 1978a) . For instance, in alert animals LC neurons respond with a burst of neuronal discharge to sensory stimuli of different modalities (Aston- Jones and Bloom 1981b) , upon encountering a novel object (Vankov et al. 1995) , or to attended target cues Bouret and Sara 2004) . These empirical observations suggest a specific role of the LC phasic response in attention (Corbetta et al. 2008) , facilitation of the orienting reflex (Sara and Bouret 2012) , or generation of the P300 target-related cortical evoked potential (Nieuwenhuis et al. 2005 ). Yet, in contrast to the tonic firing mode, much less is known about the neurophysiological effects of LC phasic activation in its forebrain targets.
The EEG of urethane-anesthetized rodents is known to fluctuate between periods of high-amplitude slow (~1 Hz) oscillations (SO), a so-called synchronized state, and periods of low-amplitude fast (Ͼ4 Hz) oscillations (FO), often referred as a desynchronized state (Clement et al. 2008; Harris and Thiele 2011) . Previously, we demonstrated that a brief direct electrical stimulation (DES) of the LC produced a rapid shift from synchronized to desynchronized cortical state (Marzo et al. 2014) . Notably, the LC-DES induced modulation of the prefrontal power spectrum was reminiscent of the cortical responses commonly reported in studies employing nociceptive stimuli in both rats (Sumiyoshi et al. 2012 ) and humans (Schulz et al. 2015; Tiemann et al. 2010) . Specifically, both LC-DES and nociceptive stimuli induce a transient gamma power increase that is proportional to stimulation intensity (Zhang et al. 2012 ). Thus we sought to test the extent to which LC phasic excitation contributes to the nociceptiveinduced cortical response. To this end, we performed simultaneous extracellular electrophysiological recordings in the LC and medial prefrontal cortex (mPFC) while presenting noxious stimuli in urethane-anesthetized rats. Spontaneous and evoked modulation of the mPFC gamma power linearly correlated with the LC phasic excitation. The complete, but not partial, cessation of the LC firing by local injection of the ␣ 2 -adrenoreceptor agonist clonidine eliminated the mPFC response to noxious stimulation. Since sensory responses in cortex depend on the ongoing state (Curto et al. 2009 ) and LC inhibition may shift cortex to a less excitable state (Berridge et al. 1993) , we quantitatively characterized the distinct patterns of cortical population activity and compared the spontaneous and evoked activity in the LC and mPFC across cortical states. We show that under urethane anesthesia the slow synchronized population activity in cortex consists of at least two distinct states differing in the degree of cortical excitability and both mPFC and LC sensory responses were state dependent. Overall, our results suggest that the LC phasic response rapidly shifts cortex to a more excitable state, promotes gamma oscillations and is essential for feedforward signaling of noxious information.
MATERIALS AND METHODS
Animals. Fifty-nine male Sprague-Dawley rats (200 -350 g; Charles River) were used in the present study. Experiments were approved by the local authorities (Regierungspräsidium Tübingen, Germany, Referat 35, Veterinärwesen) , in accordance with the regional animal welfare committee pursuant to §15 of the German Animal Welfare Act (Kommission nach §15 des Tierschutzgesetzes), and were in full compliance with Directive 2010/63/EU of the European Parliament and of the council on the protection of animals used for scientific purposes.
Anesthesia, surgery, and electrode placement. Experiments were performed under urethane anesthesia (1.5 g·kg Ϫ1 ·10 ml Ϫ1 ip). The depth of anesthesia was assessed by the lack of a withdrawal reflex to manual pinch applied to a hind paw. A supplementary dose of urethane (10% of the initial dose) was administered if needed.
Heart rate and blood oxygenation were monitored throughout the experiment by pulse oximeter (Nonin 8600V; Nonin Medical, Plymouth, MN); supplementary oxygen was provided to maintain the blood oxygenation level above 80%. Body temperature was maintained at 37°C with a rectal probe and a feedback-controlled thermal blanket.
Deeply anesthetized rats were fixed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Local anesthetic (Lidocard 2%; B. Braun, Melsungen, Germany) was injected subcutaneously to additionally numb the skin, the skull was exposed, and burr holes were drilled above the target regions. A single tungsten electrode (FHC, Bowdoin, ME;~1 M⍀) was implanted in the deep layers of the prelimbic subregion of the mPFC (AP/ML/DV: 3.0/0.8/3.5 mm). Accurate electrode placement was verified by the polarity of the local field potentials (LFPs) and the presence of robust multiunit activity (MUA), locked to the negative half-wave of slow oscillations. For LC recordings, we used a single tungsten electrode; for combined LC recording and iontophoretic drug infusion, we used a thin (5 m) carbon fiber electrode incorporated into a three-barrel glass micropipette (Carbostar-3; Kation Scientific, Minneapolis, MN). LC-like spiking activity was usually found~6.0 mm deep from the dura mater surface. Because of space restrictions and to avoid damaging the sagittal sinus, the electrodes targeting the right and left LC were implanted 4.0 mm and 0.5 mm posterior to lambda at 15°and Ϫ15°a ngle, respectively, and 1.2 lateral from the midline. Typically, multiple penetrations (up to 4) were required for optimal electrode placement in the LC core.
Extracellular activity was continuously monitored during the electrode descent, and the LC NE neurons were identified according to the following criteria: 1) broad spike widths (~2 ms), 2) rhythmic synchronized burst discharge (1-2 bursts/s), and 3) a brief excitation followed by prolonged inhibition in response to paw pinch (Cedarbaum and Aghajanian 1978b; Marzo et al. 2014; Safaai et al. 2015) . After online identification of the most dorsal coordinate with LC-like activity, we further lowered the electrode up to~600 m to estimate more exact placement of the electrode tip within the ventral-dorsal extent of the LC core. If the LC-like activity disappeared after 100 -200 m, we assumed that the electrode targeted either anterior or posterior LC poles and a new penetration was made; the new coordinates were selected on the basis of empirical knowledge about physiological properties of brain stem regions surrounding the LC. To confirm the neurochemical identity of the recorded neurons, at the end of the experiment we systemically injected clonidine (0.05 mg/kg ip), which inhibits LC firing via activation of ␣ 2 -adrenoreceptors (Aghajanian et al. 1977) .
Electrophysiological recording and sensory stimulation. Broadband (0.1 Hz-8 kHz) and high-pass filtered (300 Hz-8 kHz) extracellular signals were recorded from the mPFC and LC, respectively, with an in-house designed and built preamplifier and the Alpha Omega multichannel processor (MPC Plus; Alpha Omega, Alpharetta, GA). The signals were amplified (ϫ2k) and digitized at 24 kHz with a CED Power1401mkII converter and Spike2 data acquisition software (Cambridge Electronic Design, Cambridge, UK). Power-line noise (50 Hz) was reduced during data acquisition by a high grade of grounding in the electrical infrastructure of the recording room, by grounding every device to a single point, and by keeping the grounding short. Thus the data recorded were minimally affected by line noise contamination.
The noxious somatosensory stimulation consisted of 50-Hz trains (10 Ϯ 1-s jittered interstimulus interval) of biphasic electric pulses (5 pulses of 0.5 ms and 1, 2, 3, 4, or 5 mA) delivered via two stainless steel needles (26 gauge) inserted subcutaneously (~1 cm apart) in the hind paw contralateral to the mPFC recording site. The electrical current was delivered with a biphasic stimulus isolator (BSI-1; Bak Electronics, Mount Airy, MD). The stimulation parameters were digitally controlled by the Spike2 software and transmitted to the current source via a digital-to-analog converter built into the data acquisition unit CED Power 1401mkII. The voltage output was monitored to ensure constant stimulation current throughout the experiment.
Intrabrain iontophoretic injection. One barrel of a three-barrel micropipette with an incorporated carbon electrode was filled with clonidine (50 mg/ml), and a continuous current (0.3-0.6 A) was passed while LC spiking was monitored. The iontophoretic current was adjusted such that there was also no evoked discharge in LC. Test foot shocks were applied after complete cessation of the neural activity in LC before experimental foot shocks were applied. After sensory stimulation was completed, the polarity of the iontophoretic current was reversed and the recovery of the LC activity (~15 min) was monitored. Blocks of sensory stimulation during the baseline condition and during LC inhibition were repeated three times in each experiment.
Before the local injection of clonidine began, the level of anesthesia was adjusted to ensure the presence of high-amplitude slow synchronized activity in the mPFC. A supplementary dose of anesthesia (10% of the initial dose) was administered in cases of persistent desynchronized activity. In contrast, when the mPFC responses to foot shocks were absent, possibly because of deep anesthesia, we waited until the cortical activity spontaneously returned to a more "excitable" state.
Band-limited power analysis. The broadband (0.1 Hz-8 kHz) extracellular signal recorded from mPFC was band-pass filtered with a Butterworth IIR filter and resampled at 250 Hz according to eight predefined frequency bands: delta (1-4 Hz), theta (4 -10 Hz), sigma (10 -15 Hz), beta (16 -29 Hz), gamma (30 -90 Hz), high gamma (90 -140 Hz), high-frequency oscillations (HFO; 140 -700 Hz), and MUA (700 -3,000 Hz). The band-limited power (BLP) was computed by rectifying the absolute power values for each frequency band. The filtering method is described in detail elsewhere (Belitski et al. 2008) . The high-pass (300 Hz) filtered signal recorded from LC was similarly processed to extract the LC-MUA band that represents a weighted average of the extracellular spikes of all neurons within a sphere of 140 -300 m around the tip of the electrode (Logothetis 2003 (Fig. 1) . For that purpose, we extracted and smoothed the mPFC-MUA band using a 0.1-s sliding window (lowess filter) and selected a recording segment with continuous slow activity (~20 min) for plotting the power distribution histogram of the smoothed mPFC-MUA band, as shown in Fig. 1C . The lower values of the bimodal distribution indicated absence of spiking activity, or Down-state; the higher power values indicated Up-states. A case-specific threshold was defined as the intersection between two mixed Gaussian models fitted to the bimodal power distribution histogram. The Up/Down and Down/Up transitions were then marked using the threshold crossings of the smoothed mPFC-MUA band. During the desynchronized state, the smoothed mPFC-MUA band rarely exceeded the threshold, resulting in a nearzero DSR index (Fig. 1C) .
To test whether the DSR index reveals distinct dynamics of the synchronized oscillations, we computed the DSR distribution using continuous 8-s data segments from mPFC recordings of spontaneous activity. The differential clustering of the index may indicate the predominance of unique cortical dynamics. The resulting distributions showed a preferential clustering into two or three DSR ranges (Fig. 1, D and E) . To define a boundary between these ranges, we fitted a mixture of Gaussian models and used their intersection or the 2 standard deviations (SD) above the means (Fig. 1D) .
Detection of LC-events. Spontaneously occurring transients of increased LC discharge, referred to here as LC-events, were detected by thresholding the rectified and smoothed (0.5-s sliding window; lowess filter) LC-MUA band. The size of the sliding window was chosen to correspond to the temporal scale of LC phasic discharge (Bouret and Sara 2004) . The resulting signal was additionally highpass filtered at 0.1 Hz (Butterworth filter, 3rd order) to remove low-frequency fluctuations and normalized to SD units. The 2 SD threshold crossings were detected; the peaks of LC-MUA power between rising and falling through the threshold points were set as LC-events. All detected LC-events from all recordings were combined and divided into five percentiles (P1 to P5) according to their normalized peak amplitudes. The following amplitude ranges (in SD units) of the LC-events were used for further analysis: P1, 2-2.11; P2, 2.11-2.24; P3, 2.24 -2.43; P4, 2.43-2.76; and P5, Ͼ2.76 SD units.
Correlation matrix analysis. To investigate the relationships between LC phasic discharge and neural activity in the mPFC, we computed linear correlation matrices (CMs) between the power of the LC-MUA band and the power of each frequency band of the mPFC. Recordings were split into segments (or trials) Ϯ2 s around times of interest (LC-events or time point of foot shock presentation), and the corresponding BLPs were z-score normalized to the 8-s pre-LC-event/ stimulus period. Trials from all experiments were combined, and Pearson's correlation coefficients () were computed between the average power of each pairwise combination of recording segments between the LC-MUA and mPFC frequency bands with a sliding window of 0.5 s and a step size of 0.1 s. To discount any correlation due to synchronized fluctuations of the firing rate in LC and mPFC, we subtracted from each CM the background CM computed Ϯ2 s around an equal number of randomly selected time points.
Data analysis. To compare the absolute frequency-specific power between the cortical states, we randomly sampled the power in each frequency band with 1-s time windows and a 10-s intersample interval. The sample distributions were normalized to their session-specific z score and sorted according to the DSR of the 8-s presample period. The perievent spectrograms were constructed with a multitaper method (Chronux MATLAB open source toolbox; Bokil et al. 2010 ; http://chronux.org) with a time-bandwidth product of 1, 2 tapers, 0.2-s steps, and 1-s moving window and z-score normalized on a trial-totrial basis to the 8-s prestimulus period. Reported spectrograms were first trial-averaged for each rat, and group means were then computed. The BLP modulation of the mPFC LFP was evaluated during the 1.0 s (for delta and theta bands) and 0.5 s (for sigma to MUA bands) of the postevent or poststimulus periods. The postevent/stimulus BLP was z-score normalized to the 8-s preevent/stimulus period on a trial-totrial basis, sorted according to the cortical state, the LC-event amplitude, or foot shock intensity, and then averaged across trials. The LC multiunit spike times were extracted by thresholding at 3 SD from the mean of the high-pass (300 Hz, Butterworth IIR filter) filtered extracellular LC signal. Peristimulus time histograms (PSTHs) were computed in a Ϯ3-s window using 10-ms bins.
Statistical analysis. Data were statistically evaluated with one-or two-way repeated-measures analysis of variance (ANOVA) followed by post hoc comparisons; the Greenhouse-Geisser correction was applied whenever the assumption of sphericity was violated. The frequency-specific power modulation was statistically tested by onesample t-test. Bonferroni correction was applied for multiple comparisons. The standard errors of the CMs were estimated with bootstrap resampling (Safaai et al. 2015) . The statistical significance ␣-value was set at 0.05. The IBM SPSS Statistics (v.22) software package was used for statistical analysis.
Perfusion and histology. At the end of experiments, animals were euthanized with a lethal dose of pentobarbital sodium (100 mg/kg ip, Narcoren; Merial) and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brain was removed and stored in the same fixative. Before sectioning, the whole brain was placed in 0.1 M phosphate buffer containing 30% sucrose until it sank. Serial 60-m-thick coronal sections were cut on a horizontal freezing microtome (Microm HM 440E, Walldorf, Germany) and then Nissl stained. The electrode placement was inspected under the microscope (AxioPhot or AxioImager; Carl Zeiss, Goettingen, Germany). Cases with a failure to target the LC core or deep layers of the mPFC were discarded from the study.
RESULTS
To investigate the impact of spontaneous or evoked phasic LC activation on the dynamics of mPFC neural activity, we recorded extracellular MUA in the LC simultaneously with the broadband (0.1 Hz-8 kHz) LFP from the mPFC ipsilateral to the LC recording site in urethane-anesthetized rats. Fifteen data sets of spontaneous activity (243.3 Ϯ 18.1 min) and 19 data sets with somatosensory stimuli were recorded. In 14 data sets, evoked responses were compared before and after bilateral inhibition of LC firing. Histological examination confirmed that all electrode placements were within the LC core. The pharmacological nature of LC NE neurons was additionally verified by complete silencing of spiking activity after systemic injection of clonidine. The electrode placement in the cortex was in the deep layers of the prelimbic subregion of the mPFC. Down-state ratio index unambiguously separates two synchronized cortical states. Consistent with previous rodent studies employing urethane anesthesia, we observed synchronous (SO) and asynchronous (FO) patterns of cortical population activity within and across subjects (Clement et al. 2008 ). More careful visual inspection of the LFP traces suggested that SO periods may consist of two distinct types of oscillations, which differ by the duration of the oscillation troughs (Down-states; Fig. 1A ). Here we refer to SO with shorter or longer Downstates as intermediate (iSO) or deep (dSO) slow oscillations, respectively. We also empirically noticed that foot shocks evoked mPFC responses during iSO but not during dSO (Fig.  1B) . In the text that follows, we use the term "cortical state" in the context of network dynamics (Curto et al. 2009 ) at a temporal scale of several seconds, as opposed to Up-/Downstates, which are subsecond periods of cortical spiking/silence that are commonly observed during sleep or under anesthesia.
To quantitatively categorize different cortical states on the basis of their intrinsic dynamics, we used a DSR index by estimating the cumulative duration of the Down-state epochs in a given time window (Fig. 1C , see MATERIALS AND METHODS for more details). The distribution of DSR index calculated from individual recordings of spontaneous activity showed that the index clustered within either two (n ϭ 9) or three (n ϭ 6) distinct ranges (Fig. 1D) . Remarkably, these DSR ranges overlapped across sessions (Fig. 1E) . The DSR during FO state concentrated near zero because of the essential absence of Down-states; the other ranges with peaks at~0.35 and~0.55 suggested the existence of two distinct slow rhythms differing by the overall duration of the Down-state epochs. We fitted a mixture of Gaussian models to define the between-state boundaries of these DSR ranges (Fig. 1D) . The average of all individual-case boundaries was at 0.12 Ϯ 0.04 between FO and iSO and separated iSO and dSO at 0.46 Ϯ 0.02 (Fig. 1E) . Thus for further analysis we classified all recording segments with DSR Ͻ 0.12 as FO state, with 0.12 Ͻ DSR Ͻ 0.46 as iSO state, and with DSR Ͼ 0.46 as dSO state. Each continuous episode of the same cortical state lasted, on average, several minutes (Table 1) . Overall, FO and dSO epochs corresponded to 22% and 14% of the total recording time, respectively, while the majority of the recordings (64%) consisted of iSO periods (Table 1) .
We next compared the power spectrum between the abovedescribed cortical states by BLP analysis (see MATERIALS AND METHODS for frequency band definition). Repeated-measures ANOVA with the cortical state as a repeated factor and the z-score-normalized BLP as dependent variable revealed a significant effect of cortical state for delta and all higher (Ͼ30 Hz) frequency bands. As shown in Fig. 2A , delta (1-4 Hz) power progressively increased from FO to dSO epochs. The higher frequency bands (Ͼ30 Hz), showed the opposite tendency, with significantly more power during FO and least power during dSO. Furthermore, the power of essentially all frequency bands, except beta (16 -29 Hz), significantly correlated with the DSR index; the highest positive correlation ( ϭ 0.95, P Ͻ 0.001) and the highest negative correlation ( ϭ 0.76, P Ͻ 0.001) were obtained for delta and MUA bands, respectively (Fig. 2B) . Despite significant correlation of most BLP ranges with DSR, the power alone of neither frequency band separated iSO and dSO states; nor could the two SO states be separated using the synchronization index, which is based on relative delta power (Curto et al. 2009 ).
Phasic excitation of LC neurons leads to gamma power increase in mPFC. In our earlier study (Marzo et al. 2014) , the LC phasic discharge evoked by applying depolarizing current within the LC core produced a transient increase in the mPFC gamma power, which was also accompanied by elevated spiking probability of some mPFC neurons. It remained unknown, however, whether spontaneous fluctuations in the LC firing rate are associated with similar changes in the prefrontal activity. To this end, we characterized the power spectrum of the mPFC LFP around times of spontaneous increases of the LC firing rate (referred to here as LC-events). While the LC-MUA power fluctuated across cortical states (Fig. 2) , the occurrence rate of the LC-events was similar (Table 1) . On the basis of their peak amplitude, we subdivided the LC-events into equal-sized quintiles (P1 to P5). In the mPFC, the LCevents were typically followed by brief power increases in high frequency (Ͼ30 Hz) and decreases in low frequency (Ͻ10 Hz) bands (Fig. 3) . The degree of mPFC spectral modulation was cortical state dependent, with the most pronounced BLP changes during FO state (Fig. 3, A and D) . During dSO, no significant BLP changes were associated with any of the detected LC-events (Fig. 3F) . Furthermore, during FO the BLP modulation associated with the LC-event progressively increased with the increase of LC-event amplitude (Fig. 3D) , whereas during iSO state only the highest-amplitude LC-events (P5) were followed by significant BLP changes (Fig. 3E) . Two-way repeated-measures ANOVA confirmed that the BLP changes depended on both the LC-event amplitude and the ongoing cortical state [for all frequency bands, except sigma and beta, F values Ͼ 15, P Ͻ 0.05; sigma, not significant (ns); beta, ns]. Thus modulation of the mPFC activity following the LC-events appeared to depend on both the ongoing cortical state and the LC-event amplitude.
The above results suggested that a spontaneous transient increase of the LC firing rate (here referred as LC-event) may trigger changes in mPFC neural activity. To probe the temporal dynamics of the coerulear-prefrontal interactions, we generated CMs between the LC-MUA power and the power of each frequency band of the mPFC LFP Ϯ2 s around the peaks of LC-events (see MATERIALS AND METHODS) . The CMs computed between the LC-MUA and mPFC-gamma bands around the LC-events with the highest amplitude (P5) are shown in Fig. 4 , A-C, for each cortical state. The patch of significant (P Ͻ 0.001) positive correlation coefficients in the center shows that the fluctuations in the LC-MUA and mPFC-gamma power were linearly correlated on a trial-to-trial basis during FO and iSO episodes. Importantly, the center of mass of the CMs was shifted to the upper bisection toward the mPFC axis, indicating that the increase in the LC firing rate preceded the mPFCgamma power increase. The temporal lag between the LCevent and the peak mPFC-gamma was 161 Ϯ 29 and 223 Ϯ 38 ms for FO and iSO episodes, respectively. Similar patterns of CM were obtained for the mPFC high gamma, HFO, and MUA bands; inverse relationships (negative correlations) were observed between LC-MUA and mPFC delta and theta power (not shown). The LC-events occurring during dSO showed no Fig. 4 . Relationships between phasic LC excitation and spectral changes in the mPFC. A-C: correlation matrices (CMs, P Ͻ 0.001) between the LC-MUA and mPFC-gamma power around the LC-events with the highest amplitude (P5, from all cases combined, n ϭ 15) are shown for FO (A), iSO (B), and dSO (C) episodes. Traces above each CM and on right show LC-MUA and mPFC-gamma bands, respectively; gray lines show individual cases, thick black lines show group average. Note that the patches of significant positive correlation coefficients (red pixels) are shifted toward the mPFC axis, indicating that the power increase in the LC-MUA band precedes the mPFC-gamma power modulation. Scale bar, 0.5 SD units. D-F: the integral of the CMs for each mPFC frequency band and LC-event amplitude range is plotted for FO (D), iSO (E), and dSO (F) episodes. Positive and negative correlation coefficients were integrated separately and are depicted in red and blue, respectively. Note that the cross-regional correlation was state dependent and frequency band specific and progressively increased with the increase of LC-event amplitude.
significant correlations at any frequency range of the mPFC LFP (Fig. 4, C and F) .
We next compared the cross-regional correlation strength across LC-event magnitudes and cortical states by integrating the positive and negative correlation coefficients of each CM and normalizing to the largest absolute integral value among the CMs. This integrative index reflecting the strength of cross-regional correlation is plotted in Fig. 4, D-F, for each of the BLP ranges, five LC-event amplitude groups, and three cortical states. The strong activity coupling between the LC and mPFC was present in most frequency ranges except the intermediate frequencies (sigma and beta). The mPFC-gamma band was the most strongly correlated with LC activity during FO and iSO states (Fig. 4, D and E) . Furthermore, the relationship between LC-event amplitude and the degree of mPFC BLP modulation appeared nonlinear, yet, overall, the correlation strength was higher for the LC-events with higher amplitude.
To summarize, the coerulear-prefrontal interactions strongly depended on ongoing cortical state; they were the strongest during iSO and FO states and practically absent during dSO states. The LC-event amplitude best correlated with the degree of mPFC-gamma power modulation. Overall, these results suggest a potentially causal relationship between the periods of increased LC firing rate and spectral changes in the mPFC LFP.
State-dependent sensory-evoked activity in LC and mPFC.
To examine the coerulear-prefrontal interactions in the context of sensory information processing, we performed simultaneous recordings in the mPFC and LC while presenting intermittent noxious somatosensory stimuli. As expected, the LC firing rate fluctuated across cortical states (Fig. 2) ; however, we also observed sporadically occurring epochs when the LC firing completely ceased in the absence of any external cause (Fig. 5) . These epochs were present in all 15 experiments with recordings of spontaneous activity and in 10 of 19 experiments with sensory stimulation. Furthermore, these LC-silence epochs occurred exclusively during iSO state with a rate of 1.7 Ϯ 0.3 times per hour; they occupied~3.5% of the total recording time, and each epoch lasted on average 80 Ϯ 07 s (min/max: 50/200 s). Although these LC-silence epochs were reminiscent of previously described complete cessation of LC activity during REM sleep (Aston-Jones and Bloom 1981a), the cortical activity during these episodes did not resemble that during REM sleep; rather, it was characterized by high-amplitude slow oscillations. Remarkably, during periods of spontaneous cessation of LC firing no sensory-evoked responses could be elicited either in the LC or in the mPFC (Fig. 5) . Hence, these epochs were removed from subsequent analyses.
Apart from the aforementioned LC-silence epochs, brief trains of foot shocks evoked a characteristic biphasic LC response (Aghajanian et al. 1977 ; Aston-Jones and Bloom 1981b) consisting of a short-latency (~50 ms) phasic discharge lasting for~300 ms followed by spiking suppression that lasted up to~1 s. Both evoked response components differed among cortical states (repeated-measures 1-way ANOVA; excitation: F 1.4, 25.9 ϭ 18.3, P Ͻ 0.01; inhibition: F 1.4, 25.9 ϭ 18.3, P Ͻ 0.01). The LC firing rate during the 0 -300 ms poststimulus period increased to 692.5 Ϯ 91.0% and 591.2 Ϯ 44.4% from prestimulus baseline for iSO and dSO trials, respectively, but was much lower during FO state (246.5 Ϯ 21.4%). The postexcitation inhibition (400 -700 ms) was the strongest during iSO and dSO (52.2 Ϯ 3.8% and 66.5 Ϯ 2.8% decrease from baseline, respectively) and the weakest during FO (28.2 Ϯ 4.2% baseline; Fig. 5B ). The LC phasic excitation increased with the stimulus intensity but overall was more robust during SO states (Fig. 6) .
In addition to eliciting a robust LC discharge, noxious stimulation produced spectral changes in the mPFC LFP resembling those that followed spontaneous events reported above. Typically, a train of foot shocks induced a transient power decrease in low (Ͻ10 Hz) frequencies and a power increase in higher (Ͼ30 Hz) frequencies (Fig. 7, A and B) . The degree of mPFC BLP modulation depended on the cortical state preceding sensory stimulation [repeated-measures ANOVA, Fvalue Ͼ 20, P Ͻ 0.05 for each frequency band except for sigma (ns)]. Post hoc Bonferroni test (corrected for multiple comparisons) showed that the response magnitude was significantly higher during FO and iSO states compared with dSO state [P Ͻ 0.05 for each frequency band, except for delta (ns)]. The mPFC-BLP modulation was similar between FO and iSO states (Bonferroni post hoc test, ns for all bands). Furthermore, the poststimulus BLP at most frequency ranges significantly differed from the corresponding prestimulus level during FO and iSO states (Fig. 7, D and E) , while no consistent responses in the mPFC were detected during dSO state at any stimulus intensity (Fig. 7F) despite the presence of a robust evoked LC discharge (Fig. 6) .
The CMs generated between the LC-MUA power and the mPFC-gamma power around the times of the foot shock onset resembled the peri-LC-event CMs (Figs. 4 and 8) . The peristimulus CMs revealed patches of significant (P Ͻ 0.001) positive correlation coefficients in the upper bisection during FO and iSO episodes (Fig. 8, A and B) but not during dSO episodes (Fig. 8C) . The temporal lag between the peaks of the stimulus-evoked LC-MUA and mPFC-gamma bands was 139 Ϯ 14 and 157 Ϯ 17 ms for FO and iSO episodes, respectively. The correlation between the LC-MUA and mPFCgamma bands was significantly stronger during FO trials compared with iSO trials [2-sample t-test, t(988) ϭ Ϫ129, P Ͻ 0.05; bootstrap resampling over all trials]. Surprisingly, during iSO but not FO state the correlation strength between the LC-MUA power and the power of all higher frequency (Ͼ30 Hz) bands decreased with increasing stimulus intensity (Fig. 8,  D and E) , possibly because of a ceiling effect. The CMs also showed patches of negative correlation coefficients (Fig. 8, A  and B) . A delayed negative correlation between the LC-MUA and the mPFC-gamma was most likely due to a postexcitation autoinhibition of the LC neurons (Aghajanian et al. 1977) and unlikely reflected any top-down inhibition of LC.
Together, our results demonstrate that the mPFC responses to noxious stimulation are frequency band specific and greatly depend on the cortical state preceding presentation of a sensory stimulus. The DSR index used here for classification of cortical states permitted reliable separation of "responsive" (FO and iSO) and "unresponsive" (dSO) states. Strikingly, a robust evoked response was present in LC during the "unresponsive" cortical state. Finally, the timing and the correlation of LCmPFC interactions suggests causality between the LC and mPFC evoked responses.
LC inactivation abolishes evoked responses in mPFC. The results reported above suggest a causal relationship between LC phasic discharges (spontaneous and stimulus evoked) and the BLP modulation of the mPFC LFP. To directly test causality of the coerulear-prefrontal interaction, in a separate group of animals (n ϭ 14) we bilaterally inhibited both spontaneous and stimulus-evoked discharge of LC neurons by means of iontophoretic intracoerulear injection of clonidine and evaluated the effects of LC inhibition on mPFC activity. Preliminary experiments showed that clonidine diffusion was at least within a radius of 350 m from the tip of the injection pipette, which was sufficient to inhibit the entire LC nucleus (Fig. 9A) . Although the drug may diffuse outside the LC nucleus, clonidine is not likely to affect the neuronal activity of neighboring structures, as only NE neurons express ␣ 2 -adrenergic receptors in the brain stem (McCune et al. 1993) .
Consistent with previous studies (Aghajanian et al. 1977) , intracoerulear infusion of clonidine caused a complete cessation of both spontaneous and stimulus-evoked LC discharge and shifted cortex to more synchronized state (Berridge et al. 1993) . The effect lasted for the entire duration of the iontophoretic drug injection. During LC inhibition, the proportion of iSO trials increased from 71.2 Ϯ 6.4% to 88.3 Ϯ 4.1%; correspondingly, the proportion of FO and dSO trials decreased (Fig. 9B) . Thus, since the vast majority of trials took place during iSO state, we selected only iSO trials for further analysis. Similarly, as described above, the foot shocks before LC inhibition evoked a characteristic biphasic response in both LC nuclei and transiently disrupted the ongoing slow rhythm in the mPFC (Fig. 10, left) . Strikingly, the mPFC responses to sensory stimulation were completely abolished during LC inhibition (Fig. 10, right) . The evoked response in both mPFC and LC recovered~15 min after the clonidine infusion was terminated.
Notably, in 7 of the total of 14 experiments, clonidine infusion eliminated tonic but not evoked LC discharge, which was attenuated but present uni-or bilaterally (Fig. 11A) . Despite complete cessation of spontaneous firing and somewhat reduced evoked response of LC neurons, modulation of the mPFC activity due to presentation of foot shocks was largely preserved (Fig. 11B) . In cases with partial LC inhibi- Fig. 7 . State-dependent sensory-evoked responses in the mPFC. A-C: traces show representative segments of the high-pass (300 Hz) filtered extracellular LC signal (gray) and broadband (0.1 Hz-8 kHz) mPFC LFP (blue) recorded simultaneously and aligned to the sensory stimulus onset. Black line shows rectified and smoothed LC-MUA. Vertical gray shading indicates the onset and duration of sensory stimulation (5 foot shocks, 5 mA at 50 Hz). Peristimulus spectrograms were averaged across all cases (n ϭ 19) and shown for FO (A), iSO (B), and dSO (C) episodes. Noxious sensory stimulation produced spectral changes in the mPFC LFP during FO and iSO trials but not during dSO trials. D-F: normalized poststimulus BLP is plotted for different frequency bands and for 5 foot shock intensities (1-5 mA). Dots depict data from individual experiments; bars show ϮSE from the mean. Red bars indicate statistically significant power change (1-sample t-test, P Ͻ 0.001, Bonferroni corrected). Note that the strongest BLP modulation occurred during iSO state and the largest change was detected for mPFC-gamma. tion, the LC evoked response could be completely blocked by increasing the iontophoretic current from 0.3 to 0.6 A; the latter also eliminated sensory response in the mPFC.
All in all, a synchronous excitation of LC neurons is followed by fast (time lag Ͻ 200 ms) changes of the mPFC neural activity and the coerulear-prefrontal interactions appear to be causal, as the mPFC gamma power modulation is proportional to the degree of LC activation; most importantly, the LC evoked discharge is essential for sensory stimulus-induced gamma oscillations in the PFC, at least under anesthesia.
DISCUSSION
In the present study, we reported that the phasic discharges of the LC neurons, either spontaneous or sensory evoked, were associated with transient increases of mPFC gamma oscillations. While the sensory-evoked responses in both the LC and the mPFC were state dependent, dramatic between-structure differences were observed during a highly synchronized and sensory-unresponsive cortical state (dSO); LC phasic responses were largely preserved, but the responses in the mPFC were completely absent. Except for these periods with hypersynchronized cortical activity, spontaneous or evoked increase of the LC firing rate was associated with a rapid and transient increase in prefrontal gamma power. Importantly, the LC phasic discharge preceded by several tens of milliseconds the neural changes in the mPFC and the amplitude of LC response linearly correlated with the increase in mPFC gamma power. Finally, the prefrontal evoked responses were completely eliminated after bilateral inhibition of the LC-NE neuron firing. Overall, our results further support the role of LC in regulation of cortical excitability and demonstrate a critical role that the LC plays in signaling noxious information to the upstream brain regions. Classification of cortical population dynamics. The quantitative characterization of the cortical population dynamics and its association with particular physiologically and behaviorally relevant phenomena has recently gained increased attention (Castro-Alamancos and Gulati 2014; España et al. 2016; McGinley et al. 2015; Steriade 2006) . In behavioral studies, the cortical state can be inferred from a particular behavior, such as exploratory whisking (Constantinople and Bruno 2011), locomotion (McGinley et al. 2015) , or sleep (Steriade and Timofeev 2003) . However, many details of cortical dynamics are not expressed at the behavioral level. For instance, spectral analyses of the EEG have long been used for classifying patterns of cortical activity associated with different levels of vigilance or different sleep stages (Boostani et al. 2017) . EEG-based methods have been validated by physiological recordings showing that during slow-wave sleep (SWS) the membrane potentials of cortical neurons fluctuate synchronously, which produces high-amplitude slow EEG rhythms. During awake state, the membrane potential of cortical neurons is maintained at a depolarized level, permitting nonsynchronized neuronal firing, which in turn produces low-amplitude fast EEG oscillations (Steriade and Timofeev 2003) . In experiments under anesthesia, characterization of oscillatory patterns becomes imperative to examine state-dependent brain functions. The synchronized and desynchronized states observed under urethane anesthesia have been considered to approximate the cortical activity during natural sleep or awake states, respectively (Clement et al. 2008; Pagliardini et al. 2012; Polack et al. 2013; Poulet and Petersen 2008) . Similar to natural sleep, in urethane-anesthetized animals the transitions between states can occur rather rapidly, particularly if driven by salient stimuli or other arousing factors. Therefore, the development of methods that precisely capture cortical dynamics is critical (Curto et al. 2009; Harris and Thiele 2011; Safaai et al. 2015) .
The features of the two distinct slow rhythms (iSO and dSO) described in the present study suggest that these two cortical states do not represent a continuum but rather functionally distinct states differing by excitability level. First, both slow rhythms were stable over time (at least for several minutes). Second, the DSR distribution was clearly bimodal, suggesting that two DSR ranges represent different dynamic states. Third, iSO episodes were more predominant during LC suppression. Finally, the mPFC responses to noxious somatosensory stimulation in a form of transient desynchronization were exclusively present during iSO and essentially absent during dSO, yet the LC evoked responses were robust during dSO. We additionally demonstrated that linear relationships between the LC evoked discharge and cortical sensory response were present during iSO but not during dSO. One plausible interpretation of our results is that iSO and dSO reflect different depths of anesthesia. The duration of Down-states has been shown to be prolonged with increased dose of isoflurane anesthesia (Shichino et al. 1997 ). In addition, in vivo and in vitro studies reported that cholinergic modulation affects the ratio of Up-to Down-states (Favero et al. 2012; Sigalas et al. 2015; Toth et al. 2012) . It has been also shown that the high-amplitude slow (~1 Hz) waves can be promoted by blocking the GABA A receptors in the neocortex (Castro-Alamancos 2000) .
For a long time it has been known that the firing rate of LC neurons fluctuates across the sleep-wake cycle; it is reduced during SWS and essentially absent during REM sleep (AstonJones and Bloom 1981a) . Similarly, we observed that the LC-MUA was highest under urethane anesthesia during FO state and lowest during dSO state. Furthermore, our finding that the LC neurons responded to sensory stimuli more robustly during a synchronized cortical state is consistent with earlier reports of a more prominent phasic LC discharge during SWS in behaving rats (Aston-Jones and Bloom 1981b) or during drowsiness periods in behaving monkeys . Also in agreement with a previous study (Berridge et al. 1993) , we showed that bilateral LC inhibition shifted cortical activity to a more synchronized state (iSO) yet did not cause hypersynchronization (dSO). Interestingly, we also observed spontaneous cessation of LC firing, which was reminiscent of REM sleep. However, unlike natural REM sleep, which is associated with strong theta rhythm, the LC-cessation epochs occurred predominantly during iSO state. Similar to the periods with clonidine-induced LC inhibition, no evoked activity could be elicited in either LC or mPFC. This complete silencing of LC neurons may be due to elevated inhibitory input, which, like during REM sleep, may arise from the rostrally projecting GABAergic neurons of the ventral medulla (Gervasoni et al. 1998; Weber et al. 2015) . To the best of our knowledge, the phenomenon of spontaneous cessation of LC firing under urethane anesthesia has not yet been reported.
Under alert conditions, increased LC neuronal firing typically enhances behavioral arousal and shifts cortex to a desynchronized state via NE acting at ␣ 1 -and ␤-adrenergic receptors within a distributed network of subcortical regions (Berridge and Foote 1991; España et al. 2016; Marzo et al. 2014) . Drugs that suppress NE release typically cause profound sedation and increase neuronal synchronization (Berridge and España 2000; Constantinople and Bruno 2011; Kleinlogel et al. 1975; Pastel and Fernstrom 1984) . More recent optogenetic activation and suppression of LC have yielded similar effects in unanesthetized animals (Carter et al. 2010) . Consistently, the LC nucleus has been demonstrated to be the site of action of the NE drugs modulating cortical state, as the locally induced activation or inhibition of LC neurons produced corresponding changes in EEG (Berridge et al. 1993; Berridge and Foote 1991) . Thus LC activity is both sufficient and necessary for the promotion and maintenance of alert waking.
LC signaling is critical for generation of stimulus-induced gamma oscillations in mPFC.
Our results suggest causal relationships between sensory-evoked LC phasic discharge and mPFC-gamma power increase. We have demonstrated that the mPFC responses to noxious stimuli were completely blocked during bilateral LC inhibition. The preservation of partial LC response or unilateral LC inhibition (unpublished data) failed to block the mPFC responses. These observations suggest that the LC signaling from the contralateral hemisphere was sufficient to bilaterally transmit information along ascending pathways. Indeed, although the majority of the cortical LC terminals originate from the ipsilateral nucleus, LC neurons send collaterals in the contralateral hemisphere to several subcortical sites along the trigeminal somatosensory pathway (Simpson et al. 1997) . Thus these results are consistent with an earlier report that Ͻ10% of LC neuronal activity in one hemisphere was sufficient to maintain EEG indexes of arousal (Berridge et al. 1993) .
The LC response to noxious stimulation and associated NE release could directly affect cortical activity via direct coerulear-prefrontal projections (Jones and Yang 1985) or via multiple indirect pathways. Noxious signaling can be, in principle, mediated to the mPFC via multiple ascending pathways including the monosynaptic parabrachial-cortical projection (Saper 1982) , the midbrain relays (Coizet et al. 2010) , and the reticular formation (Dringenberg and Vanderwolf 1998) . Sensory/ nociception-responsive neurons have been described in the cholinergic laterodorsal/pedunculopontine tegmental nuclei (PPTg), cuneiform nucleus (Boucetta and Jones 2009) , and dorsal raphe (Gau et al. 2013; Schweimer and Ungless 2010) . Both the cholinergic neurons in the PPTg and the serotonergic neurons in the dorsal raphe have reciprocal innervation with the LC (Dringenberg and Vanderwolf 1998; Kim et al. 2004 ), yet our selective inhibition of the NE-containing neurons within the LC was sufficient to block the mPFC responses to noxious stimulation. Either elimination of LC activity may have affected the neuronal responsiveness in the PPTg and dorsal raphe or these systems are not involved in the transmission of the noxious information.
Activation of several LC targets such as thalamus Poulet et al. 2012 (Li et al. 2009 ) can alter the brain state. We believe that the effects reported here are mediated by the NE release in multiple forebrain rather than brain stem regions. The thalamus, in particular, receives extensive projections from LC, and it has been demonstrated that suppression of NE release in ventral lateral thalamic nucleus increases cortical synchrony (Buzsáki et al. 1991) .
Alternatively, the cortical desynchronization induced by the foot shocks and mediated by LC phasic response may be the result of activation of the prefrontal-projecting cholinergic and GABAergic neurons of the basal forebrain (Buzsaki et al. 1988; Goard and Dan 2009) . Acetylcholine release from the cortical terminals of the basal forebrain neurons desynchronizes firing of cortical neurons (Pinto et al. 2013) . Furthermore, LC terminals make direct synaptic contacts with cholinergic neurons in the basal forebrain (Zaborszky and Cullinan 1996) , and they activate in response to noxious stimuli (Nuñez 1996) . Remarkably, infusions of ␣ 1 -and ␤-adrenergic agonists in the medial preoptic area produce EEG desynchronization in both behaving and anesthetized animals (Berridge et al. 2012) . Conversely, the blockage of ␤ receptors in the medial septal area reversed the EEG activation elicited by pharmacological LC activation (Berridge and Wifler 2000) . Nevertheless, regardless of the specific mechanisms, the LC response to salient stimulus appears to be essential, while signaling within parallel pathways may be auxiliary. This result suggests that the processing by multiple parallel pathways, which do not include the LC, is not sufficient to generate stimulus-related gamma oscillations in the mPFC. However, it is conceivable that parallel ascending pathways potentially transmitting somatosensory information to the forebrain were more strongly affected by the urethane anesthesia in comparison to the LC-mPFC pathway. Thus future research, for example, employing whole brain imaging or recordings in alert animals is critical to address this possibility.
Implication of LC phasic firing for saliency signaling. Here we showed that both the power of gamma oscillations in the mPFC and the LC phasic discharge were proportional to the intensity of noxious stimulus and the foot shock-induced activity in both brain regions was linearly correlated. Although the described LC-mPFC relationships under anesthesia may differ in alert subjects, our results suggest that the LC may play an important role in bottom-up signaling of salient information in general and for processing of acute pain, as the latter presents a robust noxious stimulus. Recent studies in rodents have associated LC phasic firing with nociception. For example, the exacerbated phasic discharge of LC neurons in hypersensitive rats was diminished by treatment with common analgesics (Alba-Delgado et al. 2012) . Similarly, LC lesions or bilateral LC inhibition prevented the development of hypersensitivity. However, optogenetic stimulation of LC produced both anti-and pronociceptive behavioral responses (Hickey et al. 2014) . In humans gamma oscillations have been implicated in processing of nociceptive input (De Pascalis et al. 2004) , and the gamma power has been shown to correlate with stimulus intensity and pain perception in human subjects (Hauck et al. 2007; Rossiter et al. 2013; Schulz et al. 2015) . Our present results further support the idea that the LC phasic discharge has an arousing effect in the forebrain and therefore may facilitate cortical processing of nociceptive information. Furthermore, because the cortical gamma power is correlated with the Fig. 11 . Stimulus-induced mPFC-gamma modulation is preserved in cases of partial suppression of the LC evoked response. A: representative example illustrating partially preserved LC phasic response during iontophoretic injection of clonidine. Note that the prestimulus LC firing was absent while the LC phasic discharge gradually returned after~200 trials concomitantly with the mPFC gamma responses. Dashed lines indicate stimulus onset, and shaded areas indicate the trials with the mPFC gamma power increase. B: clonidine infusion completely eliminated the background (tonic) LC activity, while in some cases (n ϭ 7) the evoked LC response was partially preserved (data from both LCs combined). C: the stimulus-evoked increase of the mPFC-gamma power was unaffected in cases of partial suppression of the LC phasic response. Gray lines in B and C indicate data from individual cases, and bars show ϮSE from the mean before (B) and during (C) LC inhibition. ***P Ͻ 0.001, paired t-test.
hemodynamic signal (Logothetis et al. 2001) , elimination of sensory responses in the mPFC following complete LC inhibition indicates that the LC evoked response may underlie activation of several unspecific cortical and subcortical regions constituting a so-called "pain matrix," which is visualized in many human fMRI studies (Corbetta et al. 2008; Legrain et al. 2011; Schulz et al. 2015) . However, manifestation of gamma oscillations is not necessarily indicative for activation of pain pathways and can also reflect activation of a different functional network, if triggered by salient stimuli of different modalities. Multiple brain regions belonging to the "pain matrix," as well as the LC neurons, are activated by nonnoxious salient stimuli of different modalities (Aston- Jones and Bloom 1981b; Mouraux et al. 2011) . Thus the LC phasic response and the subsequent activation of a complex forebrain network might play a prominent role in saliency processing (Legrain et al. 2011) .
